One hypothesis is that hypoxia induces biochemical changes that disrupt the blood-brain barrier (BBB) and, subsequently, lead to the development of cerebral edema and the defining symptoms of AMS. This study explores the relationship between AMS and biomarkers thought to protect against or contribute to BBB disruption. Twenty healthy volunteers participated in a series of hypobaric hypoxia trials distinguished by pretreatment with placebo, acetazolamide (250 mg), or dexamethasone (4 mg), administered using a randomized, doubleblind, placebo-controlled, crossover design. Each trial included peripheral blood sampling and AMS assessment before (Ϫ15 and 0 h) and during (0.5, 4, and 9 h) a 10-h hypoxic exposure (barometric pressure ϭ 425 mmHg). Anti-inflammatory and/or anti-permeability [interleukin (IL)-1 receptor agonist (IL-1RA), heat shock protein (HSP)-70, and adrenomedullin], proinflammatory (IL-6, IL-8, IL-2, IL-1␤, and substance P), angiogenic, or chemotactic biomarkers (macrophage inflammatory protein-1␤, VEGF, TNF-␣, monocyte chemotactic protein-1, and matrix metalloproteinase-9) were assessed. AMS-resistant subjects had higher IL-1RA (4 and 9 h and overall), HSP-70 (0 h and overall), and adrenomedullin (overall) compared with AMS-susceptible subjects. Acetazolamide raised IL-1RA and HSP-70 compared with placebo in AMS-susceptible subjects. Dexamethasone also increased HSP-70 and adrenomedullin in AMSsusceptible subjects. Macrophage inflammatory protein-1␤ was higher in AMS-susceptible than AMS-resistant subjects after 4 h of hypoxia; dexamethasone minimized this difference. Other biomarkers were unrelated to AMS. Resistance to AMS was accompanied by a marked anti-inflammatory and/or anti-permeability response that may have prevented downstream pathophysiological events leading to AMS. Conversely, AMS susceptibility does not appear to be related to an exaggerated inflammatory response. high altitude; headache; hypoxia; cerebral edema; inflammatory ACUTE MOUNTAIN SICKNESS (AMS) is a transient syndrome primarily defined by a headache developing within hours after ascent to high altitude (12). The pathophysiology of AMS remains unclear (21, 39), as do the processes responsible for resistance to the condition. A popular theory, the "tight-fit hypothesis," suggests that increased brain volume with hypobaric hypoxia elevates intracranial pressure and, when accompanied by impaired or diminished intracranial buffering capacity, contributes to the development of the symptoms that define AMS (50). Brain imaging studies show evidence of cerebral vasogenic edema in moderate to severe AMS and high-altitude cerebral edema; however, its presence and role in mild AMS is less clear (27) . One decisive event for the onset of cerebral vasogenic edema is disruption of the blood-brain barrier (BBB). We consider it likely that compromised BBB function may also be involved in the pathophysiology of AMS, and, correspondingly, that protection of BBB integrity contributes to AMS resistance.
severe AMS and high-altitude cerebral edema; however, its presence and role in mild AMS is less clear (27) . One decisive event for the onset of cerebral vasogenic edema is disruption of the blood-brain barrier (BBB). We consider it likely that compromised BBB function may also be involved in the pathophysiology of AMS, and, correspondingly, that protection of BBB integrity contributes to AMS resistance.
The capacity of the BBB to effectively regulate the flux of fluid and substances between the systemic circulation and the parenchyma depends not only on its structural components (e.g., tight junctions), but also on the biochemical behavior of astrocytes surrounding cerebral microvessels and biomarkers present in the systemic circulation (2, 20, 34) . Given the potential for peripherally circulating factors to influence cerebral endothelial permeability (1, 18) , we sought to determine the relationship between circulating biomarkers thought to influence BBB function and the development of AMS.
Numerous mediators of inflammation and angiogenesis are regulated, in part, by hypoxia (12, 15) and are known to be involved in BBB breakdown and vasogenic edema (4, 18) . For these reasons, these processes are attractive pathological candidates for AMS. Proinflammatory mediators can directly weaken the tight junctions between cerebral endothelial cells, decrease the effectiveness of the BBB, and thereby increase the potential for vasogenic edema (reviewed in Ref. 42 ). Angiogenesis, including that induced by hypoxia, requires the degradation of underlying capillary basement membranes for vessel sprouting, thereby also increasing the potential for capillary leak (40, 41) . Despite the strong biological plausibility that such biomarkers contribute to AMS, current literature does not provide conclusive evidence to support or refute this possibility. Notable limitations include the limited range of biomarkers investigated and the absence of serial measurements before and during AMS onset. Likewise, it is unclear whether individuals who remain healthy at high altitude have a unique, antiinflammatory and/or anti-permeability response to hypobaric hypoxia relative to those who develop AMS.
This investigation, designed to identify whether circulating biomarkers known to influence BBB function are also related to AMS, has three advantages. First, sampling intervals were selected to capture biomarker differences between individuals who go on to develop AMS (AMS susceptible, "AMS-S") compared with those who do not (AMS resistant, "AMS-R") before altitude exposure, and, as AMS symptoms developed, to determine whether such variations were temporally related to AMS onset. This strategy also provided the opportunity to identify preexisting biomarker differences between AMS-S and AMS-R individuals. Second, a wide range of biomarkers was studied, including 1) proinflammatory mediators known to contribute to cerebral edema; 2) angiogenic or chemotactic substances known to participate in increased BBB permeability; and 3) biomarkers assumed to be protective against vascular permeability or inflammation. Finally, the combination of serial hypobaric hypoxia exposures and pretreatment with placebo or one of two highly effective drugs for AMS prevention [i.e., acetazolamide or dexamethasone (13, 35) ] allowed for intraindividual comparisons to directly determine whether preventing AMS in AMS-S individuals also shifted biomarker levels toward values observed in AMS-R individuals.
The effectiveness of acetazolamide, a carbonic anhydrase enzyme inhibitor, to prevent AMS symptoms has primarily been attributed to its ability to stimulate ventilation and diuresis (reviewed in Ref. 25) . Acetazolamide is also used to reduce bloodretina barrier leakage, an effect that has been ascribed to the ability of the drug to increase passive and unidirectional blood-retina barrier permeability (31); a similar mechanism may be responsible for its efficacy in AMS. Additionally, research suggests that acetazolamide has anti-inflammatory properties during inflammatory events and inhibits the release of tumor necrosis factor (TNF)-␣ and interleukin (IL)-8 from lipopolysaccharide stimulated cells (5, 22, 49) . Dexamethasone, a glucocorticoid, is a first line treatment for AMS and high-altitude cerebral edema. Dexamethasone has anti-inflammatory properties, and enhances the effectiveness of tight junctions to maintain BBB integrity (7, 9) . However, dexamethasone also increases levels of biomarkers thought to have positive cerebral hemodynamic, neuroprotective and/or diuretic effects (30, 48, 52, 53) . It is not clear which of these properties contributes to dexamethasone's effectiveness in treating AMS.
We hypothesized that individuals who remained healthy with hypobaric hypoxia exposure would have lower levels of proinflammatory, angiogenic, or chemotactic mediators and higher levels of anti-permeability or anti-inflammatory biomarkers compared with individuals who developed AMS. By extension, we expected that pretreatment with acetazolamide or dexamethasone would reduce AMS symptoms by raising circulating levels of biomarkers with anti-inflammatory and/or anti-permeability properties in subjects who developed AMS on placebo.
MATERIALS AND METHODS

Overall Study Approach
To evaluate the relationship between AMS and circulating biomarkers known to influence BBB function, subjects participated in a series of three hypobaric hypoxia trials, distinguished by pretreatment with placebo, acetazolamide (250 mg), or dexamethasone (4 mg), administered using a randomized, double-blind, placebo-controlled, crossover design. Drugs were administered in 8-h intervals beginning 24 h before hypobaric hypoxia (Ϫ24, Ϫ16, Ϫ8, and 0 h) with a final dose after ϳ5 h of hypobaric hypoxia. Trials were separated by a minimum of 3 wk, and subjects were prohibited from travelling to high altitudes during this timeframe. These requirements reduced the potential for any residual effects of the previous treatment or exposure to affect measurements made during subsequent testing.
Each trial included peripheral blood sampling and AMS symptom assessment under baseline, normoxic conditions in Denver, Colorado [1,650 m; barometric pressure (PB) ϭ 625 mmHg] and at three points during a 10-h exposure to hypobaric hypoxia (4,875 m; PB ϭ 425 mmHg) in a hypobaric chamber. Blood samples were collected and AMS status evaluated 15 h (Ϫ15 h) and immediately before (0 h) ascent, as well as after 0.5, 4, and 9 h of hypobaric hypoxia. Thirty minutes after ascent (decompression) to 4,875 m, subjects completed four 30-min submaximal exercise bouts on a cycle ergometer at 50% of altitude-adjusted maximum O 2 uptake with 15-min rest between each session to increase the likelihood of developing AMS (37) . Subjects rested for the remainder of the hypobaric hypoxia exposure.
Subjects
Subjects included for analysis were 20 healthy volunteers (17 men and 3 women) living in the Denver metropolitan area (1,650 m). These 20 subjects were selected from 29 individuals who participated in the placebo trial and at least one of the drug trials and represent those with the highest (top 10) and lowest (bottom 10) AMS scores after 9 h of hypobaric hypoxia . Although this strategy reduced our overall sample size from 29 to 20, this approach is advantageous in that it maximizes differences between AMS-S and AMS-R subjects, avoids the inclusion of individuals with ambiguous AMS status, and ensures the possibility for intraindividual comparisons (i.e., placebo vs. drug pretreatment). Subjects were selected after all trials were completed and before any assays for this report were conducted. Subjects provided written, informed consent, as approved by the Colorado Multi-Institution Review Board (COMIRB) before participation. Subject recruitment, screening, and exclusions are described elsewhere (46) .
Protocol
Sampling. Blood samples were collected after Ն10 min in a supine position from an antecubital vein by venipuncture (Ϫ15 h) or an indwelling cannula (0, 0.5, 4, and 9 h). Samples were placed in EDTA-coated or SST Vacutainers, centrifuged, aliquoted, and stored at Ϫ80°C until analysis.
Biomarker quantification. Anti-inflammatory or anti-permeability biomarkers that were assessed included IL-1 receptor agonist (IL-1RA), IL-4, IL-10, heat shock protein (HSP) 70, and adrenomedullin. Proinflammatory biomarkers included IL-6, IL-8, IL-2, IL-1␤, and substance P. Angiogenic or chemotactic substances assayed were macrophage inflammatory protein-1␤ (MIP-1␤), vascular endothelial growth factor (VEGF), TNF-␣, monocyte chemotactic protein-1 (MCP-1), and serum matrix metalloproteinase-9 (MMP-9). Although the majority of the substances that were measured have more than one function, we elected to categorize them broadly for ease of presentation. Relevant functional overlap is presented in the text as appropriate.
Plasma levels of IL-4, IL-10, IL-6, IL-8, IL-2, IL-1␤, MIP-1␤, and MCP-1 were measured simultaneously (in a single assay) in duplicate using Bio-Plex (x-Plex) magnetic bead assays (Bio Rad Laboratories) and detected using Luminex multiplex scanning technologies (Luminex 100 system, Luminex). IL-4, IL-2, and IL-1␤ values fell below detection limits and could not be included for analysis. Intra-and interassay precision for luminex multiplex assays are 10 -14% (8) and Ͻ10%, respectively.
Total serum MMP-9, plasma TNF-␣, VEGF, IL-1RA, and substance P were measured in duplicate by ELISA (R&D Systems), as was total plasma HSP-70 (MesoScale Designs). Adrenomedullin was measured in duplicate by competitive radioimmunoassay (Peninsula Laboratories).
Intra-and interassay precision (% coefficient of variation) for each assay is as follows: MMP-9, 1.9 -2.9 and 6.9 -7.9; TNF-␣, 4.2-5.2 and 4.6 -7.4; VEGF, 4.5-6.7 and 6.2-8.8, IL-1RA, 3.7-7.3 and 6.7-11.0; substance P, 3.5-8.4 and 9.3-15.0.
AMS status. Lake Louise Questionnaires (LLQ) were used to evaluate AMS symptoms. Subjects noted their degree of headache, fatigue, gastrointestinal upset, and dizziness on a four-point scale (i.e., 0 ϭ no symptoms to 3 ϭ severe) (36) . AMS status assignment was determined after 9 h of hypobaric hypoxia during the placebo trial. AMS-S was defined by a cumulative LLQ score Ն3 with headache after 9 h of hypobaric hypoxia during the placebo trial, and AMS-R was defined by a LLQ score of Յ2 with headache or Ն3 without headache. Age, height, and weight were similar between AMS-S and AMS-R groups (Table 1) . Throughout this report, AMS status designation as AMS-S or AMS-R refers to the subjects' condition after 9 h of hypobaric hypoxia during the placebo trial.
Data Analyses and Statistics
All 20 subjects completed the placebo trial (10 AMS-S and 10 AMS-R), 16 completed the dexamethasone trial (8 AMS-S and 8 AMS-R), and 12 completed the acetazolamide trial (5 AMS-S and 7 AMS-R).
Independent sample t-tests with correction for multiple comparisons (Benjamin-Hochberg correction) were used to determine whether the biomarkers of interest varied between AMS-S vs. AMS-R individuals at single points of measure (e.g., after 4 h of hypobaric hypoxia). One-level linear mixed models were used to determine the effect of time on biomarker levels within each AMS group on a given treatment (e.g., did HSP remain constant over time in AMS-S subjects on placebo?). Threelevel linear mixed models were used to assess the relationship between biomarker levels, AMS status (AMS-S and AMS-R), drug (placebo, acetazolamide, or dexamethasone), and/or hypobaric hypoxia exposure (time). Main effects were considered for discussion if there was strong evidence in the literature for biological and/or pharmacological effects relevant to AMS. Two preexposure measurements (Ϫ15 and 0 h) were made to ensure that differences attributed to the effect of hypobaric hypoxia were not due to circadian effects. For example, if differences were identified between 0 and 9 h, but not between Ϫ15 and 9 h (both of which were at ϳ4 PM), it would be assumed that the time of day rather than the hypoxic exposure itself was responsible. For this reason, all five points were analyzed for the placebo arm. The only exception was adrenomedullin, which was not measured at 0 h, since it does not appear to be influenced by circadian effects (51) . In the acetazolamide and dexamethasone arms, Ϫ15, 4, and 9 h samples were included for study, given that no marked differences between Ϫ15 and 0 h were identified. Statistical analyses were conducted using SPSS 17.0 (Chicago, IL). Data are expressed as means Ϯ SE, or as the estimated marginal means Ϯ SE, in Tables 2 and 3 , as well as in Figs. 1-3. Criteria for significance was set a priori at two-tailed P Ͻ 0.05; trends were considered at P Ͻ 0.10. 
Values are means Ϯ SE. AMS-S and AMS-R, acute mountain sickness susceptible and resistant, respectively; LLQ, Lake Louise Questionnaires. Significant differences between AMS·S and AMS·R are denoted by *P Ͻ 0.05, ‡P Ͻ 0.01, §P Ͻ 0.001, and trends by †0.05 Ͻ P Ͻ 0.10. 
RESULTS
Effectiveness of Drug Pretreatment to Lower LLQ Score
LLQ scores were higher in AMS-S than AMS-R at 4 and 9 h of hypobaric hypoxia while on placebo (Table 1) . Pretreatment with dexamethasone or acetazolamide was effective for reducing AMS symptoms in AMS-S such that 9-h AMS scores on either drug were at least 62% lower than on placebo (acetazolamide, 62%; dexamethasone, 74%; both P Ͻ 0.001; Table 1 ). Neither drug influenced AMS scores in AMS-R.
Effect of Time Under Hypoxic Conditions, AMS Status, and Drug Pretreatment on Biomarkers
Proinflammatory biomarkers. Exposure to hypobaric hypoxia had no marked effect on circulating levels of the proinflammatory biomarkers included for study in AMS-S or AMS-R (Table 2) . Notably, levels of proinflammatory biomarkers were also independent of AMS status and were unaffected by pretreatment with acetazolamide or dexamethasone (Tables 2 and 3 ). The only exception was IL-6, which was greater after 9 h of hypobaric hypoxia in AMS-R on acetazolamide compared with placebo (Table 3) . IL-2 and IL-1␤ fell below detection limits in both groups at all time points and were not included for analysis.
Angiogenic and chemotactic biomarkers. Of the angiogenic or chemotactic substances included for study, only MMP-9 was affected by hypobaric hypoxia, rising similarly with hypobaric hypoxia exposure in both AMS-S and AMS-R (Table 2) . Comparisons between AMS-S and AMS-R revealed that, after 4 h of hypobaric hypoxia, AMS-S had higher MIP-1␤ values than AMS-R, but this difference did not persist with continued hypobaric hypoxia exposure (Table 2) . MIP-1␤ was the only angiogenic or chemotactic substance related to AMS status, albeit only at one point of measure (4 h). Notably, however, this short-lived MIP-1␤ difference between AMS-S and AMS-R was abolished with dexamethasone pretreatment (Table 3 ; 4 h, P Ͻ 0.05).
Although TNF-␣ and MCP-1 levels were independent of hypobaric hypoxia exposure and AMS status, drug pretreatment reduced TNF-␣ and MCP-1 compared with placebo. Specifically, both drugs lowered TNF-␣ in AMS-S and AMS-R at all points of measure (Ϫ15, 4, and 9 h; all P Ͻ 0.05), with the exception of the 4-h measurement in AMS-S, at which time levels were unchanged. Dexamethasone pretreatment also reduced MCP-1 values after Ϫ15, 4, and 9 h of hypobaric hypoxia compared with placebo in both AMS-S and AMS-R (Table 3 ; P Ͻ 0.05). However, given that TNF-␣ and MCP-1 were unrelated to AMS, it is unlikely that these effects of acetazolamide and dexamethasone are important to their role in AMS prevention. Anti-inflammatory and anti-permeability biomarkers. IL-1RA rose 18.6 and 34.6% from baseline to 9 h of hypobaric hypoxia in AMS-S and AMS-R, respectively. This effect was statistically significant only in AMS-S due to substantial variation of values in AMS-R ( Table 2) . IL-1RA levels were similar between AMS-S and AMS-R before hypobaric hypoxia exposure, but higher in AMS-R than AMS-S after 4 or 9 h of hypobaric hypoxia (Table 2C ; both P Ͻ 0.05) and overall (P Ͻ 0.01). Pretreatment with acetazolamide reduced LLQ scores and increased IL-1RA in AMS-S (P Ͻ 0.01), such that values were equivalent to AMS-R also pretreated with acetazolamide ( Fig. 1) . Dexamethasone had no effect on IL-1RA levels in either AMS-R or AMS-S.
HSP-70 levels declined with exposure to hypobaric hypoxia in AMS-R and tended to do so in AMS-S as well. HSP-70 was higher in AMS-R compared with AMS-S overall (P Ͻ 0.05), as well as both before hypoxic exposure (0 h, P Ͻ 0.05; Table 2 ). Notably, acetazolamide increased HSP-70 before hypoxic exposure in AMS-S compared with placebo (Ϫ15 h, P Ͻ 0.05; Fig. 2 ) and tended to have a similar effect at 4 and 9 h. Dexamethasone also increased HSP-70 in AMS-S compared with placebo ( Fig. 2 ; P Ͻ 0.05); however, the effect was much less pronounced compared with that of acetazolamide.
Circulating adrenomedullin increased with time under hypoxic conditions in AMS-S and AMS-R on placebo ( Table 2; both P Ͻ 0.01); however, absolute levels were greater in AMS-R than AMS-S (Table 2 ; P Ͻ 0.05). Acetazolamide had no effect on adrenomedullin in AMS-R or AMS-S. Dexamethasone increased adrenomedullin in AMS-S during hypoxia ( Fig. 3; 9 h, P Ͻ 0.05).
Hypobaric hypoxia did not affect IL-10 levels in either AMS group (Table 2) . IL-10 was higher in AMS-S overall. Given that neither drug influenced IL-10 it is unlikely that this anti-inflammatory contributes to AMS.
DISCUSSION
Taken together, our findings provide the first evidence to suggest that resistance to AMS may be driven, in part, by the ability to mount an adequate "defensive" anti-inflammatory or anti-permeability response during acute exposure to hypobaric hypoxia. This relationship is supported by our observation that peripherally circulating IL-1RA, HSP-70, and adrenomedullin are elevated in untreated individuals who do not develop AMS compared with those who do. It is notoriously difficult to attribute altered levels of a single biomarker to the development of a complex disorder such as AMS, given that the regulation of inflammation and vascular permeability involves numerous mediators, each with multiple biological effects. For this reason, one of the greatest strengths of this study was that we were able to pharmacologically prevent AMS in AMS-S individuals, allowing us to directly observe whether preventing AMS also abolished changes in biomarkers that appeared to be associated with the condition. Using this strategy, we consider our observation that pretreatment with acetazolamide or dexamethasone simultaneously reduced AMS symptoms, and narrowed IL-1RA, HSP-70, and adrenomedullin differences between AMS-R and AMS-S subjects strengthens the possibility that these biomarkers are directly involved in AMS resistance.
This study tested the novel idea that proteins thought to promote inflammation and endothelial permeability would be reduced, and those with anti-inflammatory or anti-permeability characteristics would be higher in individuals who remained healthy throughout a 10-h exposure to hypobaric hypoxia compared with those who developed AMS. Our hypothesis was based on the hallmark effect of acute inflammation to increase endothelial barrier dysfunction (reviewed in Refs. 28, 44) and the popular theory that compromised BBB integrity contributes to increased Fig. 1 . Comparison of acetazolamide and dexamethasone pretreatment on interleukin-1 receptor agonist (IL-1RA). Acetazolamide pretreatment increased IL-1RA compared with placebo in acute mountain sickness-susceptible subjects (AMS-S; P Ͻ 0.01; A), such that values were equivalent to the acute mountain sickness-resistant (AMS-R) group during hypoxia (P ϭ nonsignificant; B). Dexamethasone had no effect in AMS-S. Neither drug influenced IL-1RA in AMS-R, with the exception of a tendency for dexamethasone to decrease IL-1RA relative to placebo at 4 and 9 h. The shaded bars behind the AMS-S figure (A) represent placebo IL-1RA values for AMS-R subjects to better visualize placebo comparisons between AMS-S and AMS-R subjects. Placebo, solid triangle with solid line; acetazolamide, solid circle, dotted line; dexamethasone, solid square, dashed line. Significant comparisons between placebo and drug pretreatment are designated in the figure by placebo vs. acetazolamide, or placebo vs. dexamethasone. Values are estimated marginal means Ϯ SE.
brain volume and AMS. The underlying logic of our approach relies on the fact that biomarkers in the peripheral circulation can influence endothelial permeability in cerebral as well as peripheral vessels, although higher concentrations of such biomarkers are generally required to have such effects in the cerebral compared with the systemic circulation (1, 18) . For example, proteins such as adrenomedullin can "tighten" the BBB and effectively minimize abnormal movement of fluid and substances from the circulation into the brain parenchyma (2) . It is important to acknowledge that, although variable levels of peripherally circulating proteins are certainly not a direct measure of BBB function, they do reflect the microenvironment to which the BBB is exposed and, by extension, the microenvironment that directly affects BBB function (2, 20, 34) .
One of our most intriguing observations was that IL-1RA, a highly selective competitive antagonist of the potent inflammatory cytokine IL-1, was similar between AMS-S and AMS-R before exposure, but greater in AMS-R than AMS-S after 4 or 9 h of hypobaric hypoxia and overall. The identification of such differences after only 4 h of hypobaric hypoxia (before AMS onset) suggests that IL-1RA may serve to prevent the development of AMS via its anti-inflammatory actions. Previous reports indicate that hypoxia increases (15) or has no effect (24) on IL-1RA levels in humans, but no study, to our knowledge, found a correlation between IL-1RA and AMS. In further support of a protective role for IL-1RA against AMS, pretreatment with acetazolamide increased circulating IL-1RA in AMS-S individuals (P Ͻ 0.01), such that values were equivalent to AMS-R subjects also pretreated with acetazolamide (Fig. 1) . These observations are in agreement with the hypothesis that IL-1RA contributes to protection against AMS, a suggestion that is supported by reports that IL-1RA minimizes edema and neuronal injury under experimental ischemic, traumatic, or hemorrhagic insult (32, 38) .
HSP-70 is understood to protect against cellular stress induced by inflammation and hypoxia (10, 54) . In this study, HSP-70 levels were higher in AMS-R compared with AMS-S individuals before hypoxic exposure. In light of a recent report that induction of HSP-70 before hypoxic exposure protects against hypoxia- Acetazolamide increased HSP at Ϫ15 h and tended to do so at both 4 and 9 h in AMS-S. The shaded bars behind the figure represent placebo HSP-70 values for AMS-R subjects to better visualize placebo comparisons between AMS-S than AMS-R. B: dexamethasone and acetazolamide tended to increase HSP-70 at 9 h in AMS-R; no other significant drug effects were noted. Symbols are as defined in Fig. 1 legend. Significant comparisons between placebo and drug pretreatment are designated in the figure by placebo vs. acetazolamide (P-A), or placebo vs. dexamethasone. Values are estimated marginal means Ϯ SE. related brain injury in rats (55), we consider that our findings may indicate preexisting hypoxia tolerance in AMS-R subjects. Suggesting a possible mechanism for acetazolmide's effectiveness to prevent AMS, pretreatment with the drug increased HSP-70 before hypoxic exposure in AMS-S subjects compared with placebo ( Fig. 2 ) and tended to have a similar effect at 4 and 9 h. Dexamethasone also increased HSP-70 in AMS-S compared with placebo ( Fig. 2; overall P Ͻ 0.05); however, the effect appeared less pronounced compared with that of acetazolamide. It is notable that HSP-70 appeared to drop from Ϫ15 to 0 h in AMS-S, but not AMS-R, subjects. Since HSP-70 is subject to diurnal variation, it may be that AMS-S individuals have a wider daily HSP-70 variation than AMS-R subjects. To our knowledge, the relationship between acetazolamide and HSPs has not been described previously; however, dexamethasone has been reported to raise HSP levels (reviewed in Ref. 11) .
Adrenomedullin is induced, in part, by hypoxia (6, 16, 33) and is thought to have positive cerebral hemodynamic and/or neuroprotective effects during cerebral events, including vascular headache (30, 48, 52, 53) . Moreover, in vitro studies indicate that adrenomedullin has potent anti-inflammatory properties and improves BBB endothelial function (17, 23, 26) . In this study, we found circulating adrenomedullin levels to be greater in untreated AMS-R compared with AMS-S subjects overall (Table 2 ). In combination with the observation that dexamethasone pretreatment raised adrenomedullin levels in AMS-S subjects during hypoxia, our findings suggest that adrenomedullin may provide some level of protection against the development of AMS. In addition to its purported role as a protective factor against BBB permeability, adrenomedullin also has potent diuretic properties. High-altitude diuresis, considered to be beneficial for AMS, has been partially attributed to the effect of hypoxia to increase adrenomedullin as measured by urinary excretion (14) . Whether a similar relationship exists between serum adrenomedullin levels and diuresis is not clear. Together, the hemodynamic, neuroprotective, anti-inflammatory, and diuretic properties of adrenomedullin may contribute to AMS resistance. Notably, our and others' findings indicate that dexamethasone, a reliable treatment and prophylaxis for AMS, upregulates adrenomedullin (19, 29) , presenting another possible mechanism by which dexamethasone may prevent AMS.
Chemokines and chemoattractants, such as MCP-1 and MIP-1␤, are thought to increase endothelial permeability during inflammation by altering tight junction composition and morphology and to drive leukocytes into the brain parenchyma (43) . Of the angiogenic or chemotactic substances included for study in this report, only MIP-1␤ was related to AMS, and even then only at a single point of measure (4 h, Table 2 ). However, coupled with the reduced MIP-1␤ levels with dexamethasone pretreatment, our finding renders this an interesting biomarker for further investigation.
Our findings also suggest that acetazolamide and dexamethasone likely act via different mechanisms to prevent AMS. In this study, both drugs were effective in reducing AMS symptoms, but had different effects on biomarkers that were associated with AMS. Both treatments raised HSP-70 in AMS-S subjects. Acetazolamide also increased IL-1RA, but not adrenomedullin, whereas the opposite was true for dexamethasone. If BBB integrity is of key importance for resistance to AMS, our findings suggest that acetazolamide and dexamethasone operate via unique pathways to achieve the same result. Our laboratory's recent report that the two drugs have distinct cerebral hemodynamic effects under hypoxic conditions (45) supports the proposition that the physiological effects of acetazolamide and dexamethasone in the context of high-altitude hypoxia are distinct, despite having similar clinical results (i.e., prevention of AMS).
In summary, our findings support the possibility that resistance to AMS may involve the ability to mount an adequate "defensive" anti-inflammatory or anti-permeability response during hypoxic exposure. We consider it likely that such effects may have prevented downstream pathophysiological events leading to AMS. Conversely, AMS susceptibility does not appear to be related to an exaggerated inflammatory response. Similar to previous reports (3, 15, 47) , there was little evidence that the proinflammatory, angiogenic, or chemotactic biomarkers included for study were associated with the development of AMS. This investigation provides rationale for further research to explore factors that determine and regulate circulating levels of IL-1RA, HSP-70, and adrenomedullin, and how such effects directly influence BBB integrity and the likelihood of developing AMS under hypoxic conditions. It is also of clinical interest to assess whether such agents participate in the resolution of other cerebral conditions, such as stroke, that are marked by vasogenic edema, inflammation, and tissue hypoxia.
